We review the clinical and biochemical criteria used for evaluation of the transsphenoidal pituitary surgery results in the treatment of Cushing's disease (CD). Firstly, we discuss the pathophysiology of the hypothalamic-pituitary-adrenal axis in normal subjects and patients with CD. Considering the series published in the last 25 years, we observed a significant variation in the remission or cure criteria, including the choice of biochemical tests, timing, threshold values to define remission, and the interference of glucocorticoid replacement or previous treatment. In this context we emphasize serum cortisol levels obtained early (from hours to 12 days) in the postoperative period without any glucocorticoid replacement or treatment. Our experience demonstrates that: (i) early cortisol < 5 to 7 µg/dl, (ii) a period of glucocorticoid dependence > 6 mo, (iii) absence of response of cortisol/ACTH to CRH or DDAVP, (iv) return of dexamethasone suppression, and circadian rhythm of cortisol are appropriate indices of remission of CD. In patients with undetectable cortisol levels early after surgery, recurrence seems to be low. Finally, although certain biochemical patterns are more suggestive of remission or surgical failure, none has been proven to be completely accurate, with recurrence observed in approximately 10 to 15% of the patients in long-term follow-up. We recommended that patients with CD should have long-term monitoring of the CRH-ACTH-cortisol axis and associated co-morbidities, especially hypopituitarism, diabetes mellitus, hypertension, cardiovascular disturbances, and osteoporosis. 
C
USHING'S DISEASE (CD) is a weakening illness caused by adrenal steroids excess, especially cortisol, due to ACTH hormone-secreting pituitary adenoma. Usually they are microadenomas (90%) (< 1 cm in diameter), and the treatment of choice is currently transsphenoidal pituitary surgery (TSS). Radiation therapy, bilateral adrenalectomy, and medical treatment, that inhibits adrenal steroid synthesis or antagonize its effects, are considered alternative or secondline treatment. Due to the relative rarity of the condition (incidence is estimated at 0.7-2.4 cases/million/yr), only few medical centers have enough experience to establish evidence-based diagnostic and therapeutic protocols (1) (2) (3) (4) (5) (6) .
Moreover, due to the high morbidity and mortality rates, it demands an effective treatment with prompt results and long-term remission. In this setting, safe criteria should be essential to define CD cure or remission but several questions are still to be answered (5) (6) (7) (8) (9) (10) .
Here we review our current understanding about CD remission and suggest a postoperative diagnostic approach based in our experience in management of 108 patients with CD.
PATHOPHYSIOLOGY OF HYPOTHALAMIC-PITUITARY-ADRENAL AXIS IN CUSHING'S DISEASE
Firstly, it is important to analyze the pathophysiology of the hypothalamic-pituitary-adrenal (HPA) axis in Cushing's disease. Figure 1 shows the hormonal pattern observed in CD, before (figure 1A) and immediately after TSS in cured (figure 1D), not cured patients (figure 1C) , and in patients with slow decrease of cortisol probably harboring adrenal nodular bilateral hyperplasia (figure 1B). As observed, pituitary adenoma secretes large amounts of ACTH in serum, which in turn stimulates cortisol secretion that, through negative feedback, suppresses endogenous CRH and ACTH secretion. Immediately after successful surgical procedure, there will be a transitory hypocortisolism period due to secondary or tertiary suppression of CRH-ACTH-cortisol normal axis ( figure 1D ) (11) . Some patients with CD, especially those with bilateral macronodular adrenal hyperplasia caused by chronic ACTH hypersecretion, can present, even after complete tumor removal, some autonomous adrenal secretion of cortisol (figure 1B) (12) . In those cases we could not observe an abrupt decrease of cortisol levels after TSS. Similarly, this situation can be seen in patients with persistent adenoma, in whom some ACTH-cortisol secretion remains without adrenal hypocortisolism (figure 1C). Subjects with normal pituitary function secrete large amounts of ACTH and cortisol when submitted to surgical and anesthetic procedures, demonstrated by Udelsmann et al. (13) . Similar pattern was described in patients with acromegaly and non-functioning pituitary adenomas (14) . These findings suggest that in the postoperative period of CD pituitary surgery, an initial increase in ACTH and cortisol levels could be seen due to anesthetic and surgical stress, together with post-surgical hormonal alterations. Conversely, hypocortisolism after complete resection of the tumor associated with concomitant damage to normal corticotroph cell function is another pattern after surgery. Then, the HPA axis dynamics in normal subjects and in CD patients submitted to TSS showed many alterations. These hormonal profiles offer many possibilities and questions about the evaluation of these patients including: what is the best moment to reevaluate, which hormonal test could be more useful, what is the interference of exogenous glucocorticoid replacement, and which criteria should be adopted to better indicate cure or remission (1, (5) (6) (7) 10, (15) (16) (17) (18) .
FACTORS ASSOCIATED TO CURE OR REMISSION RATES IN CUSHING'S DISEASE
Besides acceptable biochemical criteria to evaluate CD treatment outcome, there are many other factors that could predict remission (table 1) . Initially, we should consider disease characteristics and determine its aggression. Most patients present histological adenoma patterns characterized by sparsely or dense pitu- (1, 6, (20) (21) (22) (23) 26) . Patients who showed a significant gradient between the pituitary (central) and peripheral ACTH values in the inferior petrosal sinus sampling present better prognosis (27) . Some studies describe the presence of major aggressiveness in male subjects, resulting in worse surgical results (6, 28) . Indeed, tumor localization, especially superior growth and intermediary pituitary lobe involvement, are also associated with worse prognosis (1, 6) . Technical surgical procedures and disposal equipment to better visualize the tumor also play an important role in successful outcome. In practice, TSS pituitary tumor resection experience is based on classical microscopic approach. Although endoscope surgery is less aggressive to bone structures and propose more post-surgical comfort to the patient, there is not enough experience to compare both procedures (29, 31) . Among experienced neurosurgeons, cure rate in the first surgery in CD is about 83 to 91% in microadenomas and 25 to 73% in macroadenomas (1, 2, 6, 10, 22, 31, 32) . Tumor identification in the surgery together with histological adenoma confirmation are associated with better results (1, 30, 31) . Guilhaume et al. showed that patients with histological adenoma confirmation have better remission rates than those with negative histology (72% vs. 24%) (30) . In our series (table 2), we observed that patients not cured by surgery had higher body weigh, bigger tumor size, and higher SDHEA serum levels (p < 0.05). We did not observe significant difference in characteristics such as gender, age, disease duration, basal cortisol and ACTH levels, midnight plasma cortisol, 24-hr urinary cortisol, and low-dose dexamethasone suppression test.
Indeed, surgical results are dependent on assumed cure criteria. Less strict criteria could result in higher rates of cure. Even adopting more stringent criteria, recurrence occurs in 5 to 15% of cases (1, 25, (33) (34) (35) (38) (39) (40) . In cured patients, glucocorticoid replacement therapy is mandatory during HPA recover. This time is approximately 11 to 14 months (1, 6, 10, 11, 17, 18, 26, 41) . CD in children seems to be more aggressive, with less cure rates (long term remission of 53%) and more relapses (6, 42) . At this age additional factors that contribute to worse outcomes are a higher incidence of small tumors and the lack of complete development of sphenoidal sinus (42) .
CLINICAL FEATURES
Although biochemical tests are relevant markers to evaluate CD surgery outcome, cured subjects also present improvement of clinical features. Significant changes correspond to body weight reduction, changes in body composition, osteoporosis overcome, better muscle strength, disappearance or improvement of metabolic disturbance such as diabetes and hypertension. These clinical improvements are very important to the patien- t's quality of life, once it represents the return to normal activities. Some studies suggest that even cured patients might continue to have a poor quality of life (43) (44) (45) (46) . Possible explanations for this observation are the definitive systemic damage caused by CD or are associated to the poor biochemical criteria adopted. In children, normal growth and puberty development are the best clinical criteria to evaluate CD cure.
CURE OR REMISSION CRITERIA
Before the introduction of hormonal measurement, in the sixties, the cure or remission of CD was based on disappearance of clinical signs and symptoms. After that, disease status could be evaluated based on urinary adrenal hormone metabolites, such as 17-hidroxy-and 17-ketosteroides in 24 hs urine sample. Advances in biochemical tests, especially after the introduction of radioimmunoassay (RIE) to measure cortisol and ACTH levels and the spread of RIE, made it possible to establish disease activity based on hormonal plasma levels. Table 3 summarizes the cure/remission criteria used in main expert centers in CD treatment. Notably, the criteria for remission vary significantly in the studies from the last 25 years and could not define a single gold standard test that could accurately evaluate disease status. Table 4 lists biochemical tests that have been examined for their usefulness in predicting relapse.
HORMONAL REMISSION OR CURE CRITERIA

Serum cortisol
Postoperative serum cortisol is the major marker used to evaluate CD activity (25, 26, 33, 34, 36, 47) . Ideal time for serum collection does not follow any standard pattern and presents a wide variation between different centers (table 3) . Measurement of cortisol just after surgery has always been difficult because former recommendation on the use of glucocorticoid to prevent adrenal insufficiency interfered with endogenous cortisol levels. This procedure, although recommended by some centers, has never been confirmed by prospective studies. In 2001, Simmons et al. showed the first series where glucocorticoid was not used during TSS. Subsequently, they measured serum cortisol for 3 days, four times a day (47) . They observed that successful approach was associated with cortisol levels less than 275.9 nmol/L. Based on this study and in HPA pathophysiology in CD, we propose that cortisol levels must be measured in a serial pattern during immediate post-surgical procedure and subsequently in 6, 12, and 24 hours. This practice must be interrupted when clinical signs of hypocortisolism occurred, or when cortisol levels fall to less than 5 µg/dl. In a period of 10 to 12 days after TSS procedure, if the subject is on glucocorticoid reposition, this should be stopped and basal plasma cortisol and cortisol in 24-h urine collection should be taken. In 2004, applying the above proposal in more than 100 patients with CD, we showed that serum cortisol less than 5 to 7 µg/dl defines cure with sensitivity and specificity of around of 100% (26) . Our findings, similarly to those of Esposito et al. (48) , verify that cortisol levels less than 140 nmol/L in the first and second days after surgery were associated with CD resolution. Recently, Acebes et al. (36) observed that cortisol levels more than 585 nmol/L 24 h post-surgery indicates disease persistence.
In 1993, Toms and cols. reported 11 patients with histologically confirmed adenoma in which cortisol levels were measured at 9 h, between 5 to 14 days; and 6 to 12 weeks after TSS (49) . They received oral hydrocortisone until 18 h the day before blood collection. Follow-up consisted of periodic cortisol measurement after overnight dexamethasone test. From this group, 4 patients presented recurrence of the disease 2 to 48 months after surgery and the other 7 patients remained free of disease. Cortisol levels less than 35 nmol/L discriminated those with long-term remission, whereas cortisol values were lower during 6-12 weeks than 2 weeks after surgery. In a study by Pereira et al. (25) six patients with normal serum cortisol in the first several weeks after surgery developed late hypocortisolism. Five of these patients had macroadenomas and none had relapse in 4-years average follow up. These data suggest that in some patients successful adenoma resection is associated with gradual resolution of adrenal autonomy, especially when the adrenal glands show significant bilateral hyperplasia. Moreover, gradual decline in cortisol during early postoperative period would be related to delayed adenoma necrosis.
Many authors consider that CD remission is associated with cortisol levels less than 7 µg/dl (15), < 550 nmol/L (50) during the first days after surgery, although the majority considers values such as < 50 nmol/L (33, 34, 39, 40) . In patients taking glucocorticoid, it is necessary to withdraw it few hours before cortisol collection.
The postoperative hypoadrenalism, characterized by undetectable cortisol levels, is associated with lower risk of relapse but this is not absolute. Moreover, several studies have showed recurrence of hypercortisolism after a period of adrenal insufficiency (26, 35, 39) . Estrada et al. reported 10% of relapse within 5 years and it may be higher with longer follow-ups (38). Pereira et al. showed recurrence in 14% of patients who have 2-and 12-week postoperative cortisol levels less than 50 nmol/L (1.8 µg/dl) (25) .
Thus, even when undetectable plasma cortisol levels are considered criteria of cure or remission (table  5) , long-term relapse could still occur. In the early postoperative period (until 2 weeks after TSS), cortisol levels without glucocorticoid replacement less than 5 to 7 µg/dl are associated with short-and medium-term CD remission, whereas cortisol concentration near this value should have more tests to better define remission status (1, 26) . Some authors have suggested the terms "apparent cure" or "remission" to characterize individuals with postoperative undetectable cortisol levels or normal cortisol levels, respectively (6,10).
24-hour urinary cortisol
Several authors have been using 24-h urinary cortisol measurement to assess immediate and long-term postoperative results in CD treatment (18, 20, 22, 25, 30, 38, 41, 50, 54, 57, 58, 60, 63, (67) (68) (69) . Some of them considered normal urinary cortisol values enough to establish cure. In contrast, others suggest that lower cut off levels depending on assay techniques and additional tests should be considered to best determine cure. More recently, Urinary Free Cortisol (UFC) measurement was shown to have a diagnostic sensitivity and specificity of 100% and 98%, respectively, in the differentiation of 48 patients with Cushing's syndrome from 98 normal subjects and 95 obese individuals. However, although 24-h UFC measurement in 146 patients with Cushing's syndrome was shown to have a sensitivity of 95%, it was noted that 11% had at least one out four 24-h collections with values within the normal range (7). Furthermore, "raised" 24-h UFC levels have been documented in 40% of depressed inpatients and in 50% of women with the polycystic ovarian syndrome. By definition, almost complete overlap in levels is seen in various causes of pseudo-Cushing's states, emphasizing the potential for diagnostic confusion (7) . The problem of crossreactivity becomes a particular issue if the possibility of exogenous glucocorticoid administration exists (57) . HPLC has recently been compared with RIA for the measurement of cortisol and cortisone in the assessment of endogenous Cushing's syndrome and Cushing's syndrome due to exogenous glucocorticoid ingestion. Since RIAs also suffer from problems of cross-reactivity, this approach may occasionally be useful in difficult cases where there is doubt about the origin of glucocorticoid (7-9). Cushing's syndrome is highly unlikely when several UFC collections are normal, once UFC estimations have a high sensitivity and low specificity (7).
Low-dose dexamethasone cortisol suppression
Low-dose dexamethasone cortisol suppression performed on days or weeks after surgery is used to predict cure or remission of CD. Bogan et al. suggested that "normal cortisol levels" in a 2-mg overnight dexamethasone test should be considered criteria for cure (52) . Similarly, Fahlbusch et al. reported that levels less than 2 µg/dl are good predictors of cure (53) . Other studies suggest that values of < 3 µg/dl (26), < 5 µg/dl (69), < 100 nmol/l (25), or < 8 µg/dl (70) could better identify those patients on CD remission.
Drugs such as phenytoin, phenobarbitone, carbamezepine, and rifampicin will induce hepatic enzymatic clearance of dexamethasone, thereby reducing plasma dexamethasone concentration and resulting in false-positive responses to dexamethasone suppression test (2, 6, 7, 9) . Estrogens increase cortisol-binding globulin concentration in the circulation, causing false-positive tests in about 50% of women on the oral contraceptive pill when RIA tests are used. It is our routine practice, when possible and particularly in mild cases, the estrogen-containing drugs are interrupted and investigation delayed for 6 weeks to allow cortisol-binding globulin to return to baseline (2,9). (53) investigated perioperative ACTH levels measured 5-6 days after surgery. All 47 patients with a postoperative reduction of serum ACTH to low levels (< 10 ng/L or < 2,2 pmol/L) had clinical remission, compared to only 13 out of 21 patients with a moderate decrease and only one out of 15 with ACTH > 50 ng/L (> 11 pmol/L), and had normal suppression of serum cortisol after 2 mg dexamethasone administration.
Invitti et al. (18) suggested that there is a direct correlation between ACTH levels and prediction of relapse. Czirjak et al. (71) used chemiluminescence assay to measure plasma ACTH in the intraoperative period, immediately after adenomectomy and subsequently in the following 2 and 24 h. Those samplings were then compared to cortisol plasma levels collected between 7 and 10 days post surgery. Seven patients were followed by a long period of time. This study showed wide variability in first plasma ACTH sample with a significant decrease level after 2 and 24 h to normal or even below normal range in cured patients. Similar data were observed by other authors (72, 73) .
The major limitation of this approach is technical details of ACTH measurement. To be accurate, ACTH samples need to be collected and handled at low temperatures, and appropriately stored. In this setting, it constitutes a complex method to be implemented as routine in intraoperative period to monitor response to therapy (2).
Corticotropin-releasing hormone stimulation testing
In the majority of patients with CD, the intravenous administration of corticotropin-releasing hormone (CRH) causes an excessive rise in plasma ACTH and cortisol and this pattern remains in patients who have residual tumor or are prone to relapse (5, 10) . Avgerinos et al. demonstrated no relapse in 23 patients who showed a decrease response to CRH test in a followup period of 6 to 42 months after TSS. In contrast, 3 of 6 who responded normally to the test had relapsed (75) . Several studies have shown similar results (16) (17) (18) 76, 77) , although CRH test was not performed at the same moment in each study.
Desmopressin testing
Colombo et al. demonstrated that cortisol response to desmopressin infusion could identify patients with an increased incidence of relapse (78) . In this study, the authors showed that persistence of response of cortisol and ACTH to desmopressin test after TSS could happen even when clinical and hormonal factors had improved. In 2000, Colombo et al., comparing desmopressin test (10 µg IV) with CRH test (1 µg/kg) response in 34 patients before and after TSS, showed that 10 patients considered in remission after a period of 1 to 36 months never responded to desmopressin test. Conversely, 5 patients that normalized plasma basal cortisol but still responded to desmopressin test presented relapse after 12 to 24 hr after surgery. Ten patients were assessed several years after TSS, six of them were in remission and showed normal response to CRH test and no response to desmopressin test. The other 4 patients presented discrepant results but all of them had been submitted to radiotherapy, which could be a confusing factor (79) . Other study reported CD patients that responded to desmopressin test before TSS but presented no response after hypercortisolism resolution, but responded once again, showing disease relapse prediction (80) . Additionally, other studies suggested that desmopressin test should be part of diagnostic and follow up of patients with CD as a useful test to determine cure and remission (81, 82) . 
Metyrapone testing
Van Aken et al., retrospectively, studied 29 of 77 patients submitted to TSS and followed for more than 11 months. Initial evaluation consisted of 24-h urinary cortisol, basal plasma cortisol, and metyrapone testing with 11-deoxycortisol sample collection, 14 days after TSS procedure. Hydrocortisone was withdrawn one day before the test in patients that were receiving reposition.
Patients that presented basal cortisol less than 140 nmol/l and 24-h urinary cortisol less than 250 nmol/l were considered cured. After 6 months of glucocorticoid dependence, patients were submitted to low-dose dexamethasone test. Remission was considered when plasma cortisol was less than 140 nmol/l and 24-h urinary cortisol was in the normal range. Seventeen of 29 patients were in remission of CD, although 3 of them presented relapse after 17, 32, and 80 months from TSS. In this series, metyrapone test showed a sensibility of 100% and a specificity of 75% in detection of CD relapse. 11-deoxycortisol levels above 150 nmol/l were considered as a prognostic factor (83) .
Other testing strategies
Lack of circadian cortisol secretion and no response to hypoglycemia after initial hypocortisolemic phase predict relapse (38, 84) . Inadequate suppression of cortisol and ACTH levels after loperamide, an opioid agonist, has been associated with CD relapse (77). Pieters et al. reported a paradoxical preoperative increase (> 160 nmol/L) of serum cortisol to TRH or LHRH (1 of 16 cures vs. 6 of 11 failures) that was also associated with lower chance of cure (15) .
ASSOCIATION OF SEVERAL TESTING AND FEATURES
Bochicchio, Losa, and Buchfelder, when published data from The European Cushing's Disease Survey Study Group, reported that CD remission was observed in 510 (76.3%) out of 668 patients from several centers (35) . Adenoma identification by image or during surgery was associated with good prognosis. Relapsed occurred in 65 patients (12.7%) during a median follow-up of 39.3 months (6 to 104 months). There was no correlation of relapse and time after surgery procedure. Low cortisol levels, lack of response in CRH testing, and the need for long-term glucocorticoid replacement therapy were associated with low risk of relapse. It is inversely related to the risk of relapse in 5 years: replacement greater than 1 year = relapse risk of 3%; less than 1 year = 24%, and no replacement = 47% (35) .
SUMMARY
In Cushing's disease appropriate classification of postoperative outcome is dependent on biochemical assessment of endogenous cortisol production. Although there is no consensus, factors such as adenoma identification during surgery or in histology, adenoma size, severe hypoadrenalism following adenoma resection, lack of response to desmopressin and CRH tests, exogenous steroid replacement for more than 6 months, return of the diurnal pattern of cortisol secretion, normal cortisol response to low-dose dexamethasone test are acceptable CD cure or remission features. Even in patients with undetectable cortisol levels immediately after surgery, long-term follow up is necessary, since 5 to 15% of patients could have future relapse. Recently, salivary cortisol at midnight seems to be particularly useful for periodic disease status evaluation. Cortisol dynamics after TSS resection for CD can present several patterns. Therefore, a postoperative approach that combines several tests at regular followup intervals is the best choice to guide the need for future intervention. In this context, for the information of patients, it is important to define the appropriated classification term of CD outcome. We suggest "remission" opposed to "cure", recognizing that long-term follow-up is essential to detect disease relapse. Therefore, patients with CD should have longterm indeterminate monitoring of the CRH-ACTH-cortisol axis and associated morbidities, especially hypopituitarism, diabetes mellitus, hypertension, cardiovascular disturbances, and osteoporosis.
